The 0 antigen is a polysaccharide which, together with lipid A and core, forms the lipopolysaccharide (LPS) of gramnegative bacteria. There is extensive serological variation in 0 antigen, and in Salmonella enterica about 50 0 groups have been found so far, on the basis of the Kauffman-White scheme (8) . This variation was one of the criteria originally used to divide Salmonella into different species, although all clones are now considered to belong to a single species (S. enterica). We use the old "species" names (e.g., typhimurium) to denote serovars as recommended by Le Minor and Popoff (24) . O antigen is composed of a repeated oligosaccharide unit (the 0 unit) whose structure determines the major immunochemical properties of 0 antigen. The structures of the 0 units of S. enterica serogroups A, B, Dl, D2, and E are related, sharing a mannosyl-rhamnosyl-galactose backbone. The relationships of groups Dl, D2, and El are particularly interesting, there being three structural variations which distinguish them (Fig. 1) . First, a branching tyvelose residue linked to mannose is present in Dl and D2 but absent in El. Second, there is variation in the anomeric configuration of mannose, with ao-mannose used in group Dl but ,-mannose used in D2 and El. Third, the galactosyl-mannose linkage formed between consecutive 0 units during polymerization is a (1, 2) in Dl but a (1, 6) in D2 and El. Thus, the 0 unit of group D2 has a hybrid structure with features of both Dl and El 0 units. This chemical relatedness is manifested in immunological crossreactions: D2 has 0 factor 09 in common with Dl and also has 03 and 010, which are present in the El group (28) . 0-unit biosynthesis is determined by the rfb gene cluster, which is located at 42 min on the S. enterica chromosome. rjb genes from representatives of a number of different sero-groups, including Dl and El, have been cloned and sequenced (5, 19, 22, 26, 52) . These studies indicated that in S. enterica the rfb region has evolved by acquiring clusters of genes which were assembled in other species, although the foreign source(s) remains unknown (39) .
In a previous study (53) (51) , which contains DNA cloned from the S. enterica group Dl rfb region. The probes used in the hybridization studies were H-rpt (Hinc repeat), a 0.6-kb PstI-ClaI fragment from pPR1487; rfc a 0.4-kb EcoRI-HindII fragment from pPR1030 (52) ; rJbO, a 0.7-kb HindIl fragment from pPR966 (52) ; and rJbU, a 1.1-kb NdeI-EcoRl fragment from pPR1207 (53) .
Restriction mapping of cosmid. Linear DNA was prepared from phage particles produced by in vivo packaging of recombinant cosmids (16) and partially digested with EcoRI, BglII, or SacI before hybridization to 32P-end-labelled oligonucleotides specific for vector cos sequences which flank the cloned cosmid insert (Amersham). The DNA fragments were then separated on an agarose pulsed-field electrophoretic gel which was dried and autoradiographed.
Analysis of 0 antigen. Expression of group D2 0 antigen by recombinant E. coli clones was tested by slide agglutination (23) using Salmonella antiserum specific for factors 046 and 09 (Wellcome Diagnostics). Whole membrane samples for electrophoretic analysis of LPS were prepared from bacterial liquid cultures essentially as described by Lugtenberg et al. (29) . Samples were run on an SDS-18% (wt/vol) polyacrylamide gel, and LPS was visualized by silver staining (49) .
DNA sequencing. The sequencing strategies used ensured that sequence data were obtained from both strands of the DNA. Deletion families were produced from pPR1488 and pPR1500 by using the Erase-a-Base system (Promega), which is based on the unidirectional exonuclease III digestion procedure (15) . These deletion clones were used to sequence the 3.7-kb EcoRI-HindIII fragment containing H-rpt and rfc. The sequence of the -0.6-kb PstI-AccI fragment corresponding to region IV (see Fig. 3 Computer programs for the editing and analysis of DNA sequences were accessed through the Australian National Genomic Information Service (40) . Sequence data were assembled into contigs with the XDAP program (12) . Sequence data bases were searched with the National Center for Biotechnology Information BLAST network server (1) . Pairwise sequence comparisons were performed with the COMPARE option of the Genetics Computer Group suite of programs (7) .
Nucleotide sequence accession numbers. (Fig. 2) . Both P4754 and P4756 produced LPS, confirming that pPR1389 contains the whole D2 rfb region. The LPS bands observed had high molecular weights (i.e., were composed of multiple 0 units), indicating that pPR1389 also contains rfc, which encodes the polymerase responsible for 0-unit polymerization. Furthermore, in both P4754 and P4756 the LPS produced shows the distinctive modal distribution pattern which is due to the chain length determinant. The gene encoding this determinant, cld (or rol), is usually located between gnd and his (2, 3), and since this region is within the S0874 deletion it is likely that the cld function is provided by a gene present on pPR1389. This was subsequently confirmed by hybridization (results not shown). The LPS prepared from M388 (S. enterica) has the bimodal pattern which has been previously observed in other systems (21) , with modal lengths of about 25 and 45 units (Fig. 2) . Interestingly, however, the two E. coli strains display a single modal 0-antigen chain length of about 37 units, suggesting that the effect of the D2 chain length determinant on D2 0 antigen is modified by host-specific factors.
Genetic organization of the group D2 rjb region. The pPR1389 insert was subcloned and subjected to extensive restriction enzyme analysis (Fig. 3A) . The location and genetic organization of the rjb region of D2, which were determined by comparison of restriction maps with the corresponding region of group Dl (serovar Typhi) as well as hybridizations with specific rfb gene probes (data not shown), are summarized in Fig. 3 . The comparison revealed five distinct regions, which were defined according to the distribution pattern of restriction sites within these three groups (Fig. 3B) (Fig. 4) . When this sequence was used to search sequence data bases, highly significant matches with several entries were found, most notably with H-rpt sequences which are associated with the Rhs loci of E. coli K-12 (9, 42, 55 (Fig. 4) . Figure 4 shows that when allowances are made for changes in reading frame, a "repaired" D2 orfH translation product which has 69% identity over 377 amino acid residues to the product of E. 3A ) (52) . Mapping and hybridization analysis (not shown) of DNA subcloned from this region (pPR1502) showed that there is no equivalent of orfl 7.4 in group D2 but that the gene order is the same as in Dl (Fig. 3A) . Consequently, we predicted from the comparative map (Fig. 3A) that the D2 sequence would change from being E1-like to being D1-like at a junction somewhere between rfbO and gnd. A likely location was within region IV (Fig. 3B) : although there is a paucity of restriction sites within this region, those present (BsmI, AvaI, and XmnI) are polymorphic. The sequence of region IV (which lies within the rfbN gene) was therefore determined (GenBank U04164) and compared with rfbN sequences previously obtained from groups El and B (19, 52 K, KpnI; Nh, NheI; Nc, NcoI; Nd, NdeI; Nr, NruI; Ns, NsiI; P, PstI; Pv, PvuII; R, EcoRV; S, SacI; Sp, SspI; St, StyI; and X, XmnI. Equivalent restriction sites are indicated by vertical lines between the different serogroups. BsmI, AvaI, and XmnI sites (marked with an asterisk) were mapped only within the pPR1494 insert. In the proposed genetic organization of the group D2 rfb region, which was deduced from partial DNA sequencing and comparative mapping and hybridization, genes are shown as boxes. rjb genes with known functions are named without the rib prefix (e.g., B for rflB), whereas open reading frames of undetermined function (orJ.0, etc.) are named relative to their position (in kilobases) on the scale shown, which begins at a common EcoRI site. The rib genes encode the following: rfbM and rJbK, dGDP-mannose biosynthesis; nbA, rflB, rbC, and rJbD, dTDP-rhamnose biosynthesis; rflF, rJbG, rJbH, rbI (previously of7.6 [20, 27] ), ribS, and ribE, dCTP-tyvelose biosynthesis; rfbP, galactosyl transferase; rJbN, rhamnosyl transferase; ribO, mannosyl transferase (25); rJbV, putative tyvelosyl transferase; rJbX, a protein with 12 predicted transmembrane segments thought to function in 0-unit export (5a, 39); rfc (or9.6), putative 0-unit polymerase; and gnd, 6-phosphogluconate dehydrogenase. Shaded boxes represent degenerate genes which are no longer functional. The D2 genetic organization is compared with that of groups D1 (26, 50) J. BAcmoERIL. (35) . It has been suggested elsewhere (31) that an explanation for this heterogeneity is that D3 may have a duplicated rjb region, so we expected that it would hybridize to both rJbO and rfbU. Although the D3 strain hybridized to the rflU probe, there was, surprisingly, no detectable hybridization to ribO or rfc. This indicates that the group D3 ,B-mannosyl transferase and 0-unit polymerase gene sequences are both substantially different from those of El and D2. The H-rpt is present, however, suggesting that groups D2 and D3 are quite closely related, and it is possible that it was also involved in the formation of the D3 rfb organization. In contrast, the group El and Dl strains examined did not hybridize to the H-rpt probe, perhaps indicating that the H-rpt was introduced into S. enterica relatively recently in evolution. Interestingly, the D2 H-rpt has a G+C content of 38%, which is markedly lower than the value of 51% which is usual for S. enterica genes.
DISCUSSION
Genetic organization of the group D2 rib gene region. The genetic organization of the group D2 rJb region, based on sequence data from the present work as well as previous hybridization studies (53) , is summarized in Fig. 3A . The region has the same flanking genes (orfO.0, orfl.2, and orf2.8, whose functions are unknown [19] , and gnd) as the rfb regions of the other S. enterica groups which have been examined so far (see reference 39 for a summary). Most of the group D2 rfb genes can confidently be assigned a function (Fig. 3) (30, 37) , which share the same a(1,2) linkage between 0 units. However, this gene is not present in groups D2 and E (6), which have different linkages between 0 units ( Fig. 1) and so use a different polymerase (in the following discussion we refer to this gene as rfcD2E' when it is necessary to distinguish it from the polymerase gene of groups B, A, and D1, which is called rfc4 D). In group El, the polymerase function maps close to or within the rJb locus (6, 38) , and it was previously suggested that the El gene orfi7.4 might be the polymerase gene (52 (Fig.  4 ). The occurrence of the H-rpt at this junction implies that it was involved in the proposed recombination. The structure of the H-rpt, and in particular the occurrence of short inverted repeat sequences at its extremities, suggests that it may be an insertion sequence. If this is the case, the recombination can be explained as an attempted H-rpt transposition in which the cointegrate intermediate was resolved not by site-specific recombination in the H-rpt but by homologous recombination in the adjacent DNA (Fig. 5) , perhaps involving an adjacent chi-like sequence. It is interesting to conjecture that the H-rpts of E. coli mediated similar DNA rearrangements at the Rhs loci, which appear to be composites of sequences derived from various sources (55) .
